Objective: Two studies using cross-sectional designs explored four possible mechanisms by which loneliness may have deleterious effects on health: health behaviors, cardiovascular activation, cortisol levels, and sleep. Methods: In Study 1, we assessed autonomic activity, salivary cortisol levels, sleep quality, and health behaviors in 89 undergraduate students selected based on pretests to be among the top or bottom quintile in feelings of loneliness. In Study 2, we assessed blood pressure, heart rate, salivary cortisol levels, sleep quality, and health behaviors in 25 older adults whose loneliness was assessed at the time of testing at their residence. Results: Total peripheral resistance was higher in lonely than nonlonely participants, whereas cardiac contractility, heart rate, and cardiac output were higher in nonlonely than lonely participants. Lonely individuals also reported poorer sleep than nonlonely individuals. Study 2 indicated greater age-related increases in blood pressure and poorer sleep quality in lonely than nonlonely older adults. Mean salivary cortisol levels and health behaviors did not differ between groups in either study. Conclusions: Results point to two potentially orthogonal predisease mechanisms that warrant special attention: cardiovascular activation and sleep dysfunction. Health behavior and cortisol regulation, however, may require more sensitive measures and large sample sizes to discern their roles in loneliness and health.
INTRODUCTION
Socially isolated adults, Berkman and Syme (1) reported, suffer higher rates of mortality over the succeeding 9 years even after accounting for self-reports of physical health, socioeconomic status, smoking, alcohol consumption, obesity, race, life satisfaction, physical activity, and use of preventive health services. House, Robbins, and Metzner (2) replicated these findings using physical examinations to assess health status. In a review of prospective studies on social isolation and health, House et al. (3) confirmed that social isolation was a major risk factor for morbidity and mortality from widely varying causes-a risk factor comparable in size to obesity, sedentary lifestyles, and possibly even smoking. These effects were evident even after statistically controlling for known biological risk factors, social status, baseline measures of health, and health behaviors (3, 4) , with some of the fastest growing segments of the population, including the elderly, the poor, and minorities such as African Americans, showing the most severe negative health consequences of social isolation.
Social isolation is typically defined in the epidemiological literature in terms of a few simple indexes such as marital status, contact with a close friend, religious member, and member of voluntary groups. The literature on the hypothesized human need to belong, in contrast, has emphasized the psychological impact of social interactions and relationships rather than their presence or absence (eg, 5) . Although a measure of marital status, contact with family and friends, church membership, and/or membership in voluntary groups may correlate with feelings of social isolation, the correlation is imperfect for several reasons. Time spent alone can foster restoration or constructive efforts rather than feelings of isolation, for instance, and conflicts with marital partners and friends can create feelings of loneliness as well as elevations in autonomic function and stress hormones over extended periods (6) . Even church membership, an index of social integration, can produce feelings of conflict and isolation (7) .
In the present study, we focused on the psychological construct of loneliness, which consists of feelings of social isolation due, in part, to the discrepancy between an individual's desired and actual relationships (8) . Although the data are more limited, the existing research supports a link between loneliness and mortality as well as between isolation and mortality (4) . In the present research, we examined four specific mechanisms by which feelings of loneliness may be associated with broad-based morbidity and mortality. First, given the deleterious effects of tobacco and alcohol consumption, poor nutrition, and sedentary lifestyles, we examined the hypothesis that lonely individuals would engage in poorer health behaviors than nonlonely individuals. Second, given that cardiovascular disease remains the major cause of morbidity and mortality in industrialized nations, we tested the hypothesis that lonely individuals would show altered cardiovascular activation. Third, given the wear and tear on physiological systems produced by chronically elevated levels of hypothalamic pituitary adrenocortical activation (9) , we tested the hypothesis that lonely individuals would show higher mean salivary (ie, unbound) cortisol levels over the course of a normal day. Finally, recent research has shown that many Americans suffer from a serious sleep deficit (10) and that sleep debt lowers glucose tolerance, increases sympathetic tonus, and diminishes cortisol regulationmimicking many of the effects of aging (11) . We therefore examined the hypothesis that lonely days invade the nights to produce poorer quality sleep in lonely than in nonlonely participants.
We tested these hypotheses in Study 1 in a sample of college undergraduates (mean age ϭ 19 years) who, developmentally speaking, were selecting partners and establishing lifetime health habits and in Study 2 in a sample of older adults (mean age ϭ 65 years) whose physiological resilience could be expected to be diminished relative to our sample in Study 1.
STUDY 1

Participants and Design
Participants were 45 men and 44 women who were undergraduate students (mean age ϭ 19.26, SEM ϭ 0.12, range 18 -24) at Ohio State University, recruited from residence halls, fraternities, sororities, and introductory psychology classes. Students were recruited from those scoring in the upper quintile (lonely group: total score Ն46; 22 men and 22 women) and lower quintile (nonlonely group: total score Յ28, 23 men and 22 women) on the UCLA-R loneliness scale (12) . 1 Inclusion criteria included the following: low depressive symptomatology (ie, a total score of 13 or less) as measured by the Beck Depression Inventory at prescreening (13) , body mass index (BMI) no greater than 27, enrolled in at least 6 credit hours, were neither first-quarter freshmen nor last-quarter seniors, not speech or needle phobic, not married nor living with a significant other, and a U.S. citizen. Participants were paid for their participation in the study. Cell sizes in the analyses are adjusted for incomplete data from participants.
Hypotheses regarding health behaviors, mean salivary cortisol levels, and sleep quality were tested using a two-group (lonely vs. nonlonely) cross-sectional design. The study design for testing cardiovascular differences was a 2 (loneliness: lonely vs. nonlonely) x 2 (period: baseline, task) mixed-model factorial.
Active Coping Tasks
Verbal mental arithmetic. Verbal mental arithmetic consisted of serial subtractions from a large number. Participants began by subtracting aloud from a three-digit number by steps of three. After the first minute, the experimenter measured the participant's performance and assigned the participant a new starting number and subtrahend based on their performance (14) . Participants who performed well in the first minute received a more difficult set for minute 2 than did participants who did not perform well. The task continued similarly for an additional 2 minutes with new subtrahends for minutes 3 and 4. This procedure ensures relatively equal effort across varying levels of ability (14) . Responses were averaged across minutes to increase the reliability of the autonomic assessments.
Speech tasks. Five speech tasks designed to sample a wide range of situations were employed. The first four speech tasks required that participants "describe the way from your place of residence to your first class of the week," "describe the inanimate objects in the room," "ask someone out for a first date," and "describe why you are a likable person." Participants were given 2 minutes to prepare and 2 minutes to present each of these speeches following the method described by Saab, Matthews, Stoney, and McDonald (15) . Participants were told that their speeches were being audio recorded for further evaluation. The order of these speeches and the mental arithmetic task were randomly determined for each participant. The final task was the Saab et al. (15) speech task, in which participants had 2 minutes to prepare and 2 minutes to give a speech in which they imagined they were falsely accused of stealing a belt in a department store. Each participant was told to give a speech defending himself or herself to the store manager. Differences in response across the speeches were inconsequential, so the responses were averaged across the speech tasks to increase the reliability of the autonomic assessments.
Orthostasis Stressor
To examine whether autonomic differences between lonely and nonlonely participants were specific to psychological stressors, orthostasis was used to measure participants' cardiovascular responses to changes in posture. After sitting quietly for 3 minutes, participants stood quietly for 5 minutes. Participants then sat quietly for an additional 3 minutes. Cardiovascular measures described below were collected continuously during the last 2 minutes of the first period, during the last 4 minutes of the second period, and during the last 2 minutes of the final period. Mean responses during sitting and during standing were calculated and submitted to analyses.
Measures
Health behavior and demographic questionnaire. Participants provided information about their living situations (alone, with 1 Individuals falling in the middle quintile were also tested in Study 1. Because mean responses fell between the other groups, none of the results differed by including this group, and because only lonely and nonlonely Ss were tested in Study 2, data from this group are not reported here. The results including data from this group are available from the authors. friend/s, with parents), number of coinhabitants, height, weight, gender, age, citizenship, and racial/ethnic origin. 2 Participants also indicated their average weekly consumption of alcohol (beer or an equivalent amount of other alcoholic beverages), average weekly consumption of caffeine, average weekly consumption of recreational drugs, and average number of packs of cigarettes consumed weekly. Participants' body mass indexes (BMIs) were calculated by dividing weight in kilograms by the square of the height in meters. To assess exercise, participants were asked if they engaged in any activities at least once a week to generate a sweat and, if so, to list how many times and how many hours per week.
Revised UCLA Loneliness Scale. The R-UCLA loneliness scale is a 20-item self-report questionnaire that has been associated with shyness, low self-esteem, insecure attachment, negative affect and reactivity, anxiety, and hostility (12) . Participants were asked to rate how often they feel the way described by the items on a four-point Likert scale ranging from one (never) to four (often). Scores for all participants were tabulated by summing the responses for all items and ranged from 20 (low loneliness) to 80 (high loneliness). For scale design and psychometric properties, see Russell, Peplau, and Cutrona (12; see, also 16).
Beck Depression Inventory-Short Form. The Beck Depression Inventory-Short Form (BDI-S) (13) is a 13-item scale that asks participants to respond to one or more of four statements per item that best describe how they have been feeling for the past week. A Beck depression score was tabulated by summing the highest scoring responses to all 13 items, yielding a scale score range of 0 (low depression) to 39 (high depression).
Sleep quality. Sleep quality was measured using the Pittsburgh Sleep Quality Index (PSQI), a 19-question self-report questionnaire that assesses the sleep quality over a 1-month time frame (see 17 for scale design and psychometric properties). Seven component scores, all ranging from zero (no problems in area) to three (high problem area), are calculated using scoring instructions given by Buysse et al. (17) . The seven components of the PSQI are subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep disturbances, use of sleeping medications, and daytime dysfunction. A global score was calculated for all participants by summing the seven component scores and yielded a scale score with a range of 0 (good sleep quality) to 21 (poor sleep quality). In addition, measures of blinking and movement were secured using a Nightcap model P200B, the results of which will be reported elsewhere.
Salivary cortisol assays. Salivettes (Sarstedt, Inc., Newton, NC) were used to collect saliva samples for cortisol assessment. Salivary cortisol levels were determined by radioimmunoassay following the modifications outlined by the kit manufacturer (Diagnostic Products Corp., Los Angeles, CA). The sensitivity of this method for salivary cortisol is 0.05 pg/ml, with intra-and interassay coefficients of variation of 4.4 and 7.6%, respectively. All participants' saliva samples were processed in a batch.
Cardiovascular activity. Cardiovascular measures were obtained via impedance cardiograph (ZCG; Minnesota Impedance Cardiograph, model 304B), electrocardiograph and blood pressure (BP) equipment (Colin Vital Signs Monitor, model BP-508; Vital Signs, Minster, OH). ZCG was obtained using the standard tetrapolar aluminum/mylar tape electrode system (18) and procedures described elsewhere (14) . Electrocardiography was recorded using the standard lead II configuration with Ag/AgCl disposable electrodes (Protrace 9113). The Colin Monitor records a pulse wave tonometrically by partial occlusion of the radial artery against the radius at the wrist, allowing for beat-to-beat measurement of blood pressure. It was calibrated against an initial BP reading obtained using an oscillometric cuff and was periodically recalibrated either automatically or on experimenter initiation.
We assessed heart rate (HR), cardiac contractility as measured by preejection period (PEP; 19, 20) , and respiratory sinus arrhythmia as measured by high-frequency heart period variability (RSA; 21). We also measured respiration as derived from the impedance signal (22) to insure any effects on RSA were not secondary to differences in respiration. Stroke volume was derived using the Kubicek equation applied to the impedance (Zo and dZ/dt) waveforms. Cardiac output (CO; liter/min) was defined as HR ϫ stroke volume, and total peripheral resistance (TPR; dyne-sec/cm 5 ) was defined as MAP/CO ϫ 80.
Procedure
In preparation for the study, participants were asked a) not to donate blood for 3 weeks before testing, b) to fast from 1 PM until 4 PM the day of testing, and c) to eat lunch between 11:30 and 12:30. All participants were tested at approximately the same time in the late afternoon, beginning between 4 and 5 PM and ending between 6:30 and 7 PM. On arriving at the General Clinical Research Center, all participants were provided with a small snack and informed consent was obtained. Experimenters were kept blind to the loneliness group of the participant.
After the attachment of sensors and preparation of the participant, the experimenter ensured signal quality and a 15-minute adaptation period followed, during which time participants filled out several questionnaires. Cardiovascular responses were measured continuously throughout the remainder of the experiment during all task and resting periods.
Participants completed four speeches and the verbal mental arithmetic task. These five tasks were randomly ordered for each participant. The verbal mental arithmetic task was preceded by a 4-minute sitting rest period; the four speeches were preceded by a 2-minute sitting rest period. These tasks were followed by orthostasis and concluded with the Saab et al. (15) speech task, which was always preceded by a 4-minute sitting rest period. Participants were then given dinner. Afterward, participants completed psychological surveys and spent the night in the Clinical Research Center at Ohio State University.
On the second day after the laboratory component of the study in the General Clinical Research Center, participants were given Salivettes to collect saliva samples at nine random times during the day. Calendar wrist watches (Casio, No. 642, Dover, NJ) were programmed to signal participants between 10 AM and 11 PM under the constraint that signals be no less than 45 minutes apart. Participants were instructed to collect the saliva sample by chewing on a cotton wad that they removed from the appropriately labeled salivary collection tube. Saliva samples were returned to the General Clinical Research Center by noon the following day, where they were centrifuged and the working saliva sample frozen at Ϫ70 o C until assayed.
RESULTS
Preliminary Analyses
Lonely and nonlonely participants were selected based on pretests to differ in terms of their levels of 2 Participants completed additional surveys as part of a larger study, the results of which are to be reported elsewhere. 
Health Behaviors
Lonely and nonlonely individuals did not differ significantly on body mass index (F(1,87) ϭ 2.01, p Ͻ .17); alcohol consumption (F Ͻ 1); tobacco consumption (F Ͻ 1); caffeine consumption, either in the form of coffee and tea (F Ͻ 1) or soda (F(1,85) ϭ 1.26, p Ͻ .27); frequency of weekly exercise (F Ͻ 1); or number of hours of weekly exercise (F Ͻ 1). The only effect to emerge was reported recreational drug use, which was generally low but higher among the lonely than the nonlonely (F(1,85) ϭ 4.97, p Ͻ .05) ( Table 1) .
Cardiovascular Activity
Repeated measures analyses of variance (ANOVAs) were performed on the responses to mental arithmetic and to the speech stressors. 4 Cell means are summarized in Table 2 . Analyses of SBP revealed the expected main effect of period for the math stressor (F(1,77) ϭ 74.35, p Ͻ .01) and speech stressors (F(2,160) ϭ 137.94, p Ͻ .001), and these effects that were observed for DBP as well (math stressors, F(1,77) ϭ 81.59, p Ͻ .01; speech stressors, F(2,160) ϭ 218.66, p Ͻ .001). No main effect of loneliness and no interaction between loneliness and period were observed for SBP or DBP during the speech stressors. During the math stressor, a significant loneliness by period interaction was observed for both SBP (F(1,77) ϭ 7.03, p Ͻ .05) and DBP (F(1,77) ϭ 7.53, p Ͻ .05). These effects are primarily due to higher blood pressure at baseline for lonely compared with nonlonely participants in the math task.
Blood pressure is a regulated endpoint that reflects two component processes, TPR (controlled by alphaadrenergic activation) and CO (controlled by a combination of beta-adrenergic and vagal activation). The repeated measures analysis of TPR revealed a significant main effect of period for the math stressor (F(1,71) ϭ 29.11, p Ͻ .01) and the speech stressors (F(2,152) ϭ 34.79, p Ͻ .001). As expected, TPR was higher during the task than during baseline. Analyses also revealed a significant main effect of loneliness for the math stressor (F(1,71) ϭ 4.54, p Ͻ .05) and the speech stressors (F(1,76) ϭ 5.41, p Ͻ .05). As can be seen in Table 1 , lonely participants showed consistently higher TPR than nonlonely participants at baseline and during the psychological stressors.
Analysis of CO revealed a main effect of period for the math stressor (F(1,79) ϭ 20.641, p Ͻ .01) and speech stressors (F(2,160) ϭ 19.84, p Ͻ .001), with CO higher during the tasks than baselines. Given comparable BP and higher TPR in lonely participants, CO should be lower in lonely participants. This was indeed the case. Analyses revealed a significant main effect of loneliness for the math stressor (F(1,79) ϭ 4.43, p Ͻ .05) and speech stressors (F(1,80) ϭ 5.28, p Ͻ .05) and significant interactions between period and loneliness for the math stressor (F(1,79) ϭ 6.55, p Ͻ .05) and speech stressors (F(2,160) ϭ 7.83, p Ͻ .01). Pairwise comparisons indicated that nonlonely participants showed larger increases in CO in response to the laboratory tasks than lonely participants (see Table  2 ).
To further examine cardiac effects, we examined HR, PEP, and RSA separately. Cell means are summarized in Table 2 . Repeated measures ANOVAs of HR revealed a main effect of period for the math stressor (F(1,80) ϭ 262.76, p Ͻ .01) and speech stressors (F(2,164) ϭ 302.24, p Ͻ .001), a significant interaction between period and loneliness for the speech stressor (F(2,164) ϭ 3.57, p Ͻ .05), and a nonsignificant interaction for the math stressor (F(1,80) ϭ 3.42, p Ͻ .07). Analyses of PEP revealed a significant main effect of period for the math stressor (F(1,81) ϭ 70.00, p Ͻ .01) and speech stressors (F(2,164) ϭ 124.66, p Ͻ .01) and significant interactions between period and loneliness for the math stressor (F(1,81) ϭ 7.04, p Ͻ .05) and speech stressors (F(2,164) ϭ 14.21, p Ͻ .01). Finally, analyses of RSA showed a significant effect of period (F(2,164) ϭ 8.67, p Ͻ .01) for the speech task only and no effect of group. 5 Analyses of the cardiovascular data from the orthostatic stressor revealed a main effect of loneliness (F(1,72) ϭ 5.56, p Ͻ.05), with lonely participants showing significantly higher TPR than nonlonely participants in both postures (see Table 2 ). Also replicating the results from the psychological stressors, we found no significant effect of loneliness on blood pressure, but a significant effect on CO was again found (F(1,77) ϭ 5.05, p Ͻ .05), with lower CO in lonely than nonlonely participants regardless of posture.
Mean Cortisol Levels
Mean levels of cortisol were computed by participant for each of three time intervals, morning (samples taken from 9 AM to noon.), afternoon (samples taken from noon to 6 PM), and evening (samples taken from 6 PM to midnight). Repeated measures ANOVAs of salivary cortisol (nmol/liter) as a function of loneliness and time of day (morning, afternoon, evening) revealed the expected decline across the day (M morning ϭ8.83, M afternoon ϭ5.52, M evening ϭ3.86, F(2,92) ϭ 33.78, p Ͻ .01). No significant main effect of loneliness and no interaction between loneliness and time of day were observed (M nonlonely ϭ 5.52, M lonely ϭ 5.52), however. No group differences were found when diurnal slopes were examined either.
Reported Sleep Quality
Analyses of the total score on the PSQI, which combines various measures of poor sleep, revealed that lonely participants scored higher on this scale than nonlonely participants (F(1,86) 
Ancillary Analysis
Although we have considered the four potential mechanisms of cardiovascular activation, sleep dysfunction, circulating cortisol levels, and health behaviors separately, they may not be orthogonal either because of a direct link (eg, the effects of exercise on cardiovascular activation) or a common third factor (eg, individual differences in hostility mediating sleep and cardiovascular activation). To explore this issue, correlations were calculated among the major dependent measures (eg, TPR, PSQI, drug use, mean cortisol). Results revealed no significant correlation among the measures. Moreover, the effects of loneliness on these measures were not eliminated when controlling statistically for depression.
DISCUSSION
Lonely individuals did not report poorer health behaviors than nonlonely individuals. Although the use of self-report measures is a limitation in this study, this finding is similar to that of Eccles et al. (23) in their study of over 1300 high school students in Detroit. It is conceivable that health behaviors affect broad-based morbidity and mortality but do not contribute to differences in health outcomes for lonely and nonlonely individuals, at least in young adults. The same might be said of quotidian cortisol levels, which were also comparable for lonely and nonlonely young adults. a The PSQI response scale ranges from zero ("no problems in this area") to three ("severe problems in this area").
The pattern of cardiovascular activation differed profoundly for lonely and nonlonely individuals. Lonely individuals were found to be characterized by higher TPR, whereas nonlonely individuals were characterized by higher CO throughout the study. Previous research has shown that passive coping is associated with elevated BP due to increases in vascular resistance, whereas active coping is associated with elevated BP due to increases in CO (24) . The parallels between these findings are suggestive in light of recent evidence that lonely individuals are less likely throughout the day to actively cope and more likely to feel anxious and threatened than nonlonely individuals (15) .
HR was elevated and PEP was shortened during the laboratory stressors, effects that were stronger in the nonlonely than lonely. These results would be expected if the hemodynamic response in lonely individuals resulted in compensatory reductions (eg, via the baroreceptor reflex) in the sympathetic activation of the heart. The sympathetic activation of the vasculature need not be related simply to the sympathetic activation of the heart, in part due to local factors and in part due to variations in the sympathetic activation of the heart vs. vasculature (24) . Indeed, although blood pressure was comparable for lonely and nonlonely young adults, a relative emphasis by lonely individuals on vascular over cardiac activation to regulate BP across the lifespan may contribute to elevated BP in older adults.
Finally, analyses of the participants' responses to the PSQI suggested that the subjective quality of sleep was impaired in lonely participants. In light of findings that link sleep deprivation to poor health (11) , this result suggests that, in the long-term, sleep debt may be an important mechanism through which loneliness undermines health.
STUDY 2
Participants and Design
Twenty-five adult participants (6 men, 19 women) were recruited by mail from a condominium in Chicago. They were between the ages of 53 and 78 (M ϭ 65, SEM ϭ 1.4) and reported that they were generally healthy, were not suffering from diabetes or cancer, and were not taking beta blockers or antidepressants. The hypotheses regarding health behaviors, cardiovascular function, salivary cortisol levels, and sleep quality were tested using a two-group (lonely vs. nonlonely) cross-sectional design. The study design for testing the hypotheses was a 2 (loneliness: lonely, nonlonely) ϫ 2 (age: young, old) ϫ gender (male, female) factorial in which participants were divided into lonely and nonlonely subgroups by a median split on R-UCLA loneliness (median ϭ 34) and into young and old subgroups by a median split on age (median ϭ 65). Preliminary analyses revealed no effects of gender, so the data were collapsed across this factor.
Measures
As in Study 1, participants completed the R-UCLA loneliness scale and the PSQI, and Salivettes (Sarstedt, Inc.) were used to collect saliva samples for cortisol assessment. (All participants' saliva samples were processed in a single batch.) In addition, HR, BP, height, weight, waist, and hips were measured, and participants completed the following scales.
Health behavior survey. This survey asked participants to indicate their average daily consumption of alcohol for each day of the week, frequency of seatbelt use for the past 10 car trips, average consumption of caffeine for each day of the week, and average number of cigarettes consumed each day of the week. It also asked them to rate how healthy their diet was on a five-point Likert scale that ranges from one (extremely unhealthy) to five (extremely healthy). In addition, participants rated how well they met the medication schedule set by their doctor on a five-point scale from one (I rarely take medications when I'm supposed to) to five (I almost always meet the medication schedule set by my doctor).
Exercise measure. The scale for activity in older adults (25) is a 15-item scale used in prior health interview studies. Participants were asked whether (yes/no) they had performed activities such as walking for exercise, jogging, hiking, dancing, golfing, playing tennis, etc., in the past 14 days. For activities they had performed, participants were asked how many times they had performed each activity and on average how many minutes they had spent performing that activity. Activities were categorized as light (eg, walking, golfing, dancing), moderate (hiking, swimming, bicycling), and heavy (jogging, aerobic dancing, playing handball) based on intensity codes established by the Minnesota Heart Survey (25).
Procedure
After informed consent procedures, each participant's height, weight, waist, and hip measurements were taken. The experimenter then administered the psychological measures in written format, except for the demographic and exercise questionnaires, which were administered verbally. For each measure, the experimenter read the instructions aloud as the participant read along. Questionnaires were then completed independently, although the experimenter was available to clarify questions as needed. Because major cardiovascular differences were apparent in basal values in Study 1 and because of constraints with the older population, we focused attention on baseline measures in the present study. Three times during the session, blood pressure and heart rate were measured using a blood pressure monitor manufactured by Omron (model HEM-739AC; Omron Healthcare Inc., Vernon Hills, IL). The first measurement was taken after the participant had been seated for approximately 10 minutes, and the others followed at approximately 10-minute intervals.
On the day after the interview, participants used Salivettes to take nine saliva samples, once every hour starting at 8:00 AM and continuing until 4:00 PM. Participants were instructed to place the cotton wad inside the cheek for about 30 seconds or until they could feel it was saturated with saliva and were asked to store the samples in the refrigerator. Samples were collected at the end of the day, refrigerated for 1 to 3 days, centrifuged for 2 minutes at 2000 rpm, and then frozen at Ϫ80°.
RESULTS
Health Behaviors
Lonely and nonlonely individuals did not differ significantly on body mass index (F Ͻ 1), reported alcohol consumption (F(1,23) ϭ 1.01, NS), tobacco consumption (F Ͻ 1), caffeine consumption (F Ͻ 1), diet quality (F Ͻ 1), or medical compliance (F Ͻ 1). There were also no significant differences in amount of light (F(1,23) ϭ 1.32, p Ͻ .26), moderate (F(1,23) ϭ  1.76, p Ͻ .20), heavy (F(1,23) ϭ 2.23, p Ͻ .15 ), or total exercise (F(1,23) ϭ 1.79, p Ͻ .19 ) participants reported doing in the previous 2 weeks. Cell means are summarized in Table 3 . 6 Cardiovascular Activity Medical guidelines were changed recently to recommend that SBP rather than DBP be used to define hypertension in adults above 35 years of age (26) . We, therefore, first examined whether lonely individuals 53 to 78 years of age would be characterized by higher SBP overall and larger age-related increases in SBP than nonlonely individuals. Cell means are summarized in Figure 1 . The ANOVA revealed a significant main effect of age (F(1,21) ϭ 6.52, p Ͻ .05) and an interaction between age and loneliness (F (1,22) ϭ 5.88, p ϭ .05). Pairwise comparisons confirmed that, within lonely participants, SBP was higher in 65 to 78 year olds than in 53 to 64 year olds (Tukey-Kramer test statistic ϭ 4.79, p Ͻ .05), whereas no such age-related elevation in SBP was found to characterize nonlonely participants. No differences in DBP were observed, possibly due to the greater measurement error for DBP. Comparable analyses of HR revealed a main effect of age (F(1,21) ϭ 5.48, p Ͻ .05) and a significant interaction between age and loneliness (F(1,21) ϭ 4.56, p Ͻ .05) (Figure 1 ). Pairwise contrasts revealed only that HR was higher in older than younger nonlonely participants (Tukey-Kramer test statistic ϭ 4.76, p Ͻ .05).
To specifically address age-related increases in BP, we also examined the correlation between age and SBP within groups. The correlation within the lonely group was 0.78 (p Ͻ .05) and within the nonlonely group was Ϫ0.01 (NS).
Mean Cortisol Levels
Mean levels of cortisol were computed by participant for each of three time intervals, morning (samples 6 The results of analyses of variance are reported in the text for ease of exposition. Similar outcomes were found when a regression approach was used. 
Reported Sleep Quality
Analyses of participants' responses to the PSQI confirmed that lonely participants scored higher on the total scale (F(1,23) ϭ 13.39, p Ͻ .01), indicating greater sleep dysfunction than nonlonely participants ( Table  3) . Analyses of the seven subscales further revealed that lonely, relative to nonlonely, participants were characterized by significantly lower subjective sleep quality (F(1,23) 
Ancillary Analysis
As in Study 1, we calculated correlations among the major dependent measures (eg, BP, PSQI, mean cortisol). Results again revealed no significant correlation among the measures.
DISCUSSION
Loneliness may be a relatively stable individual trait. In a review of measures of loneliness, Shaver and Brennan (27) note that the 2-month test-retest reliability of the original R-UCLA loneliness scale in a college sample is 0.73 (cited in Russell et al. 28) , the 7-month test-retest reliability of this scale in a college sample is 0.62, and the 1-year test-retest reliability of the most recent version of the UCLA scale in an elderly sample is 0.73 (cited in 27). McGuire and Clifford (29) found significant heritability and nonshared environmental influences for children's loneliness, and behavioral observation and laboratory studies implicate social skills deficits and self-defeating interactional styles in the maintenance of loneliness (30) , which suggests loneliness could be somewhat stable across time (see also 31, 32) . Although the current studies were crosssectional, note that the mean score on the R-UCLA loneliness scale was 37.80 (SD ϭ 14.0) in sample of young adults (Study 1) and a statistically equivalent 35.1 (SD ϭ 12.1) in our sample of older adults (Study 2).
We tested the hypothesis that lonely individuals, in a The PSQI response scale ranges from zero ("no problems in this area") to three ("severe problems in this area").
contrast with nonlonely individuals, are at risk for poorer health because they are less active, drink more alcohol, eat poorly, disregard seatbelt usage, and generally engage in poor health behaviors. Our samples of young and older adults showed trivial differences between the health behaviors of lonely and nonlonely individuals, suggesting that health behaviors may not be a major cause of differences in morbidity and mortality between lonely and nonlonely individuals. It is possible that verifiable measures of health behaviors and larger sample sizes would have revealed differences that were not discernible in the current research, but the present results suggest that such differences may be modest. Cardiovascular function, in contrast, was found to differ as a function of loneliness in both studies. BP levels were generally comparable in Study 1 for lonely and nonlonely participants, but the means by which BP was modulated differed. Lonely, compared with nonlonely, young adults in Study 1, eg, had higher levels of TPR and lower CO and they showed smaller changes in HR, cardiac contractility, and CO in response to the laboratory stressors. Similar cardiovascular response profiles have been found in studies of active vs. passive coping tasks (eg, 24) and in studies of threat vs. challenge appraisals (eg, 33) but were observed not in response to stressors but as a main effect at baseline and during acute psychological and orthostatic stressors. Future studies will need to address whether the pattern of cardiovascular activation that differentiated lonely and nonlonely participants reflects generalized feelings of threat, freezing, or passive coping tendencies in lonely individuals. It is interesting in this context, though, that lonely individuals tend to perceive their social world to be less reinforcing and more threatening generally than nonlonely individuals (15) .
Contributing to the potential importance of these early differences in cardiovascular functioning, agerelated increases in SBP were found in lonely but not nonlonely older adults in Study 2. The correlation between age and SBP was also statistically larger in the lonely than the nonlonely group. Given the similarities in health behaviors between these groups, the possibility is raised that differences in the hemodynamic function observed throughout the session in younger adults may contribute to elevated blood pressure across time in lonely adults. The greater tendency for lonely young adults to show heightened TPR and lonely older adults to show higher blood pressure, eg, draw attention to possible differences in central mechanisms (eg, threat appraisals or passive coping styles) and in peripheral adrenergic function in lonely and nonlonely individuals. Vascular resistance is regulated by neurogenic, hormonal, myogenic, and local metabolic mechanisms, with the relative contribution of each varying across vascular beds (34) . Whether loneliness operates at peripheral or central substrates and whether this varies across the lifespan are important questions for future research. The hypothalamic pituitary adrenocortical axis, with its effects on fat mobilization, amino acid transport to liver cells, reduced inflammation, and inhibition of allergic reactions, provides critical metabolic support for daily life (35) . Prolonged exposure to stressors has been linked to elevated levels of glucocorticoids (ACTH, cortisol), adrenal enlargement, and various disorders (eg, see 9). Research on nonhuman primates has shown that male baboons who experience less social contact have elevated basal plasma cortisol levels compared with those who are more socially connected (36) . The link between loneliness and activation of the hypothalamic pituitary adrenocortical axis in humans is more tenuous, however. Based on work by Seeman and McEwen (9) on chronic stress and allostatic load, we hypothesized that lonely individuals would show either elevated tonic activation of the hypothalamic pituitary adrenocortical axis or a muted diurnal pattern. Results revealed the expected diurnal pattern, but no differences in concentrations were found between lonely and nonlonely participants (although the effect approached significance at morning levels). 7 A review of the literature on the relationship between social support and neuroendocrine activity also revealed the association to be small (37) . Assessing the rise in cortisol on awakening may provide a more sensitive procedure for examining cortisol regulation. Whether lonely individuals would show a larger rise in cortisol than nonlonely individuals warrants study.
Finally, we tested the hypothesis that feelings of loneliness disrupt sleep. Animal research offers evidence that social situations, such as social defeat in rats, lead to alterations in sleep regulation and circadian rhythms (38) . Sleep problems are known to cooccur with depression, which is also associated with social withdrawal. Analyses of the PSQI in Study 1 revealed differences as a function of loneliness that could not be explained in terms of differences in depression. Participants in Study 1 were selected to be nondepressed, however. Although these results suggest depression is not a necessary mediator, it remains the case that depression may have contributed to the group differences in PSQI observed among older adults in Study 2.
Recently, investigators have begun to appreciate the effects of sleep deficits on metabolic (eg, glucose tolerance), neural (eg, sympathetic tonus), and hormonal (eg, cortisol) regulation as well. Spiegel, Leproult, and Van Cauter (11), eg, tested 11 young men restricted to 4 hours sleep per night for 6 nights. Results revealed the limited sleep lowered glucose tolerance, elevated evening cortisol concentrations, and increased sympathetic tonus. These effects mirror what is seen in normal aging, leading the authors to conclude that sleep debt may increase the severity of age-related chronic disorders (11) . Assessments of sleep using the PSQI provided evidence that lonely participants both young (Study 1) and old (Study 2) suffered lower quality sleep on multiple dimensions. If individuals are lonely chronically, it is conceivable that the effects of impaired sleep diminish nightly restorative processes and the overall resilience of lonely individuals. The results for sleep in Studies 1 and 2, therefore, point to a heretofore unrecognized mechanism by which feeling loneliness may, over time, lead to diminished health and well being. The finding that autonomic activation and sleep dysfunction were statistically unrelated raises the additional possibility that they represent separable mechanisms by which loneliness may affect health.
